Accumulation of misfolded proteins in the endoplasmic reticulum (ER) triggers the unfolded protein response (UPR), an intracellular signaling pathway that adjusts the protein folding capacity of the ER according to need. If homeostasis in the ER protein folding environment cannot be reestablished, cells commit to apoptosis. The ERresident transmembrane kinase-endoribonuclease inositol-requiring enzyme 1 (IRE1) is the best characterized UPR signal transduction molecule. In yeast, Ire1 oligomerizes upon activation in response to an accumulation of misfolded proteins in the ER. Here we show that the salient mechanistic features of IRE1 activation are conserved: mammalian IRE1 oligomerizes in the ER membrane and oligomerization correlates with the onset of IRE1 phosphorylation and RNase activity. Moreover, the kinase/RNase module of human IRE1 activates cooperatively in vitro, indicating that formation of oligomers larger than four IRE1 molecules takes place upon activation. Highorder IRE1 oligomerization thus emerges as a conserved mechanism of IRE1 signaling. IRE1 signaling attenuates after prolonged ER stress. IRE1 then enters a refractive state even if ER stress remains unmitigated. Attenuation includes dissolution of IRE1 clusters, IRE1 dephosphorylation, and decline in endoribonuclease activity. Thus IRE1 activity is governed by a timer that may be important in switching the UPR from the initially cytoprotective phase to the apoptotic mode.
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receptor | oligomerization | kinase | RNase | fluorescent microscopy M ost secreted and transmembrane proteins are synthesized, modified, and folded in the lumen of the endoplasmic reticulum (ER). To ensure the fidelity of protein folding and maturation, cells turn on a network of signaling pathways, collectively termed the unfolded protein response (UPR), to adjust the protein-folding capacity of the ER according to need (1) . Imbalances between protein load and folding capacity is monitored by three distinct UPR sensors: inositol-requiring enzyme 1 (IRE1) (2, 3) , protein kinase RNA (PKR)-like ER kinase (PERK) (4) , and activating transcription factor-6 (ATF6) (5) . IRE1 is a conserved transmembrane protein with an ER-luminal domain that senses misfolded proteins in the ER, most likely by direct ligand-mediated recognition (6, 7) . As a result, IRE1 activates its cytoplasmic kinase and endoribonuclease (RNase) domains, which initiate a nonconventional mRNA splicing reaction that results in the cleavage of the mRNA encoding the transcription factor XBP-1 (x-box binding protein 1) (8, 9), a conserved effector of the UPR that drives the transcription of a plethora of ER-stress responsive genes, including ER resident chaperones and protein modifying enzymes (10) .
The structural analysis of the luminal stress-sensing domain of yeast Ire1 provided insights into Ire1 activation under ER stress. Upon UPR activation, the luminal domain of Ire1 undergoes oligomerization, which brings the cytosolic kinase domains into juxtaposition allowing their activation by transautophosphorylation and cofactor binding (11) (12) (13) . Kinase activation in turn triggers conformational changes that activate the RNase domain of the enzyme. Recent structural work suggests that the cytosolic domain of yeast Ire1 can form high-order assemblies and that this process is instrumental to activating the endoribonuclease activity of Ire1 (13) . Furthermore, in vivo studies in yeast demonstrate that high-order assembly of Ire1 is driven by its luminal domain, and that Ire1 clusters into distinct foci upon activation (14, 15) . In contrast, previous studies of human IRE1 suggested that formation of IRE1 dimers is sufficient to fully activate the enzyme (16) (17) (18) (19) . It has remained unclear whether oligomerization of IRE1 is necessary for its activation in metazoans.
Here we show that the salient features of IRE1 activation, including its obligate oligomerization, are conserved, and describe additional regulation that evolved in metazoan cells.
Results

IRE1
Clustering in the ER Membrane of Human Cells. To begin resolving the uncertainty and to determine whether IRE1 activation in mammalian cells involves high-order assembly, we engineered a GFP-tagged fluorescent human IRE1α fusion construct, IRE1-3-Flag-6-Histidine (3F6HGFP). The fluorescent tag was placed in the nonconserved linker between the transmembrane domain and the kinase domain (Fig. 1A) . Yeast Ire1 tagged in the corresponding position was fully functional, whereas C-or N-terminally GFP tagged versions were not (14) . As expected, IRE1-3F6HGFP restored splicing of Xbp-1 mRNA in response to ER-stress when expressed in Ire1α −/− mouse embryonic fibroblasts (MEFs) (Fig.  1B) . Overexpression is known to activate WT IRE1 constitutively, which explains the constitutive Xbp-1 mRNA splicing observed in untreated MEFs.
We next established a stable T-REx293 cell line, in which the IRE1-3F6HGFP expression construct was integrated at a unique frt site in the genome, and driven by a tetracycyline-inducible CMV promoter (20, 21) , allowing us to control the expression level of IRE1. Increasing concentrations of doxycycline (Dox) led to constitutive activation of Xbp-1 mRNA splicing in the absence of ER stress (Fig. 1C , Upper, 20-50 nM Dox), similar to what was observed in MEFs. Based on these findings, IRE1-3F6HGFP expressed as a transgene in T-REx293 cells is therefore functional. Titration of Dox allowed us to establish conditions under which constitutive IRE1-3F6HGFP activation in the absence of ER-stress inducer tunicamycin (Tm), an inhibitor of N-linked glycosylation, was minimized ( Fig. 1C , Upper; compare lower Dox concentrations 5 and 10 nM Dox with 30 and 50 nM Dox). No IRE1-3F6HGFP fusion protein was detected by Western blotting using anti-total IRE1 antibody or by fluorescent microscopy in the absence of Dox (Fig. 1  D and E) , indicating that the promoter is tightly controlled. Endogenous IRE1 protein was not detected by this antibody, likely due to low abundance of IRE1 in T-REx293 cells.
Addition of Tm robustly induced Xbp-1 mRNA splicing at all Dox concentrations (Fig. 1C , Middle and Lower). The splicing observed in the absence of Dox is due to endogenous IRE1 activity, whereas the splicing at higher Dox concentrations reflects the combined activities of endogenous IRE1 and exogenous IRE1-3F6HGFP. IRE1-3F6HGFP expressed at 10 nM Dox is clearly detectable by fluorescence microscopy and is found to be diffusely distributed in the ER membrane (Fig. 1E, Upper) , as indicated by its colocalization with the ER marker protein Cherry-KDEL (22) (Fig. 1F , "Tm, 0 h").
In contrast, upon induction of ER stress with Tm, IRE1-3F6HGFP relocalized into discrete foci in the ER membrane ( Fig. 1 E and F , "Tm, 2 h and 4 h"). These results suggest that, like in yeast, activation of mammalian IRE1 by ER stress leads to its oligomerization in the ER membrane.
Oligomerization of Kinase/RNase Domain of Human IRE1 in Vitro. To show that IRE1 oligomerization not only correlates with its activation but also is an intrinsic mechanistic requirement for its full activity, we characterized the enzymatic activity of human IRE1 in vitro. To this end, we purified the cytosolic portion of human IRE1 as previously described (23) . The expressed fragment contained the kinase/RNase domains extended by 43 amino acids at its N terminus ( Fig. 2A , "IRE1(KR43)"). These extra 43 amino acids are part of the linker region that serves to tether IRE1's kinase/ RNase to the transmembrane domain. The extra 43-amino acid extension was included because in yeast, a similar extension of the kinase domain is required to activate Ire1 by oligomerization (13) .
We assayed IRE1(KR43) for its activity to site-specifically cleave a 5′-32 P-labeled stem-loop oligoribonucleotide ("HP21") derived from the Xbp-1 mRNA ( Fig. 2B and Fig. S1A ). The observed rate constant for RNA cleavage exhibited non-MichaelisMenten dependence on the enzyme concentration and increased cooperatively with a Hill coefficient of n = 3.4 ( Fig. 2B ), which suggests that IRE1 forms a tetramer and/or larger species to be fully activated. The theoretical curve calculated for dimerization model (n = 2) clearly does not conform to the data observed ( ments revealed the presence of high-order species of IRE1 detecting up to eight mers (Fig. S1B ), in agreement with the observations from the kinetic studies. The lack of odd numbered oligomers indicates that, like yeast, human IRE1α oligomerizes by assembly of dimeric building blocks. High-order (n > 2) IRE1 oligomers were also observed upon gel electrophoresis after chemical crosslinking (data not shown). We conclude that the endoribonuclease activity of human IRE1 is activated by self-association of four or more IRE1 monomers into an oligomeric assembly, presumably similar to that observed with yeast Ire1 (13) . (6, 14) . Based on the crystal structure of the luminal domain of human IRE1 (19), we identified residue lysine (K) 121, which packs tightly within the domain's dimerization interface but is predicted to be solvent exposed in its monomeric form (Fig. 3A) . We mutated human IRE1 K121 to a bulkier tyrosine (Y) residue to disrupt oligomerization by steric hindrance. Indeed, in Ire1α −/− MEFs reconstituted with mutant IRE1-3F6HGFP(K121Y) failed to splice Xbp-1 mRNA (Fig. S2A) . To monitor foci formation, we next made a stable T-REx293 cell line expressing IRE1-3F6HGFP (K121Y) under the control of the Dox-inducible promoter. In contrast to IRE1-3F6HGFP, mutant IRE1-3F6HGFP(K121Y) failed to cluster into foci upon Tm treatment (Fig. 3B) . The level of IRE1-3F6HGFP(K121Y) protein stayed constant over the time course of the experiment (Fig. 3C) , and the splicing of Xbp-1 mRNA remained identical to that observed in cells that were not treated with Dox (Fig. S2B) . In view of these results, we conclude that oligomerization of human IRE1 is required for its activation, which is controlled by its luminal domain.
Sustained ER Stress Triggers Disassembly of IRE1 Clusters and IRE1
Dephosphorylation. We previously reported that IRE1 signaling attenuates over time when HEK293 cells are exposed to persistent and unmitigated ER stress (24) . Here we examined whether this IRE1 signaling attenuation is governed by the same timer as IRE1 cluster formation observed in this work. To this end, we followed IRE1 localization for 8 h after Tm treatment. IRE1-3F6HGFP clustered into many small foci after 2 h of Tm treatment (Fig. 4A and Movie S1), which, as stress persisted, converted into fewer, larger foci (Fig. 4B, middle graph) . After 6 h of Tm treatment, IRE1 foci started to dissociate and vanished completely after 8 h. A concomitant reappearance of fluorescence staining took place in the ER network (Fig. 4 A and B) , suggesting a diffused redistribution of IRE1-3F6HGFP over the ER membrane. The total IRE1-3F6HGFP fluorescence in foci followed the same temporal trend (Fig. 4B, right graph) . Both the percentage of cells with IRE1 foci and total level of IRE1-3F6HGFP in foci correlated well with the Xbp-1 mRNA splicing (Fig. 4B, left graph, and 4C) , establishing a clear connection between foci dynamics and our previous observations of dynamic IRE1 activity in HEK293 cells (24) . During these time courses, new IRE1-3F6HGFP synthesis was prevented by removal of Dox before Tm addition. To further ascertain that the disappearance of foci at later time points resulted from redistribution of IRE1-3F6HGFP molecules rather than from protein degradation, we verified that IRE1-3F6HGFP protein level did not decline over the time course of the experiment (Fig. 4D, Upper) .
We next asked whether we could detect molecular changes in IRE1 that accompany its redistribution in the ER. To this end, we monitored the phosphorylation state of IRE1 by Western blotting using a phosphorylation specific antibody. IRE1 phosphorylation peaked at 4 h of Tm treatment and then declined after 6 h of Tm treatment (Fig. 4D , Middle), in synchrony with foci formation and Xbp-1 mRNA splicing. The kinetics of the induction of BiP, a transcriptional target of XBP-1, paralleled the kinetics of IRE1-3F6HGFP foci formation (Fig. S3A) . The level of BiP protein continued to increase even after IRE1 foci began to dissociate, presumably due to delayed attenuation of ATF6 branch (24) , which also targets BiP transcriptionally (25) (26) (27) .
To ascertain that ER stress remained unmitigated over the time course of the experiment, we transfected T-REx293 cells with vascular cell adhesion molecule-1 (VCAM-1), a transmembrane protein that is cotranslationally inserted into the ER membrane, where it becomes N-glycosylated (28) . The steady-state pool of VCAM-1 was fully glycosylated at the 0 h time point and gradually became nonglycosylated during the 8-h time course of Tm treatment with no sign of recovery (Fig. S3B) . Moreover, all newly synthesized VCAM-1 detected after pulse labeling was nonglycosylated at all later time points of the time course (Fig. 4E) . Therefore, the observed attenuation of IRE1 signaling after prolonged activation occurred despite the fact that Tm-induced ER stress persisted.
Reactivation of UPR After Reestablishment of ER Homeostasis. To determine whether IRE1 attenuation is restricted to the particular experimental conditions used to induce ER stress (impairment of N-glycosylation by Tm), we induced the UPR with DTT, which causes ER stress by interfering with disulfide bond formation. DTT treatment resulted in IRE1-3F6HGFP foci formation (Fig.  5A ) concomitant with Xbp-1 mRNA splicing (Fig. 5B) , which was followed by an attenuation phase in which IRE1-3F6HGFP redistributed in the ER membrane. The results mirror those observed with Tm treatments. Therefore, taken together, our work supports that IRE1 activity attenuation is a general phenomenon (24), al- though the timing of attenuation differs depending on the type or the strength of the stress.
If attenuation renders IRE1 insensitive to the protein folding status in the ER, we wondered whether removal of the inducing signal (as it would normally occur during homeostatic regulation when the UPR can correct the defect) would allow the signaling machinery to reset. To this end, we induced the UPR with DTT and followed IRE1-3F6HGFP foci formation and attenuation as described above. After 4 h, we washed out the DTT and allowed the cells to rest for 12 h. To verify that ER homeostasis was indeed restored after DTT removal, we examined the redox states of the newly synthesized pool of glycoprotein by 2D electrophoresis at 0 h and 2 h of DTT treatment and after 12-h washout (Fig. S4A) . We observed no significant change in the redox state of the glycoprotein 12 h after DTT washout when compared with the 0-h untreated control. By contrast, the amount of glycoproteins isolated 2 h after DTT treatment was significantly reduced (Fig. S4B) , which can be explained by the global translational inhibition by PERK activation.
We then added fresh DTT to reintroduce ER-stress. IRE1-3F6HGFP foci formation, IRE1 phosphorylation, and Xbp-1 mRNA splicing occurred in a manner comparable to the process observed in naive cells that were not subjected to a prior round of UPR induction (Fig. 5 A and B; compare panels before and after removal of DTT). Because Dox was removed during the DTT washout to prevent new synthesis of IRE1-3F6HGFP, these results demonstrate that cells can reset IRE1 signaling and that the molecular changes that mediate IRE1 attenuation are reversible.
Discussion
Transmembrane signaling receptors often concentrate in ultrastructural signaling centers, where dimerization or oligomerization of the signaling components serves to activate the downstream pathways. Oligomers of activated signaling receptors function as molecular platforms to which effectors are recruited, leading to their activation as their local concentration surpasses the threshold for activation (29) . Based on our current and previous work (14, 15) , oligomerization applies for IRE1 signaling from the ER, and the salient features of IRE1 activation appear conserved from yeast to human. Specifically, we have shown that activation of human IRE1 kinase/RNase module involves at least four IRE1 molecules, and we have visualized high-order oligomeric assembly of IRE1 in living cells.
In agreement with previous work in mammalian cells (24), we found that IRE1 signaling is governed by a timer: even if the inducing stress has not been mitigated, IRE1 signaling shuts off as oligomers disassemble concomitantly with IRE1 dephosphorylation. In contrast, if ER stress is resolved, IRE1 resets so that it can become reactivated. Thus similar to other signaling receptors and ion channels, IRE1 can exist in three states (Fig. 5C ): (i) an inactive state that can be activated by ER stress, (ii) an active, oligomeric state, which initiates Xbp-1 mRNA splicing, and (iii) a refractive state in which IRE1 enters after prolonged activation and in which it no longer responds to unresolved ER stress. The inactive and refractive states are both not recognized by the antiphospho-IRE1 antibody, suggesting that dephosphorylation plays a role in entering the refractive state; yet the molecular features that distinguish the inactive and refractive states, if any, remain unknown. More subtle differences in the phosphorylation pattern or association with other yet-to-be-identified regulators may render IRE1 refractive to activation, perhaps akin to the phosphorylation and arrestin binding to G-protein-coupled receptors. Mounting evidence suggests that IRE1 phosphorylation is subject to complex regulation. A recent study revealed a role for the adaptor protein RACK1 in modulating the dynamic activation of IRE1α signaling in pancreatic β cells in response to physiological stimulation by glucose. RACK1 may regulate IRE1 phosphorylation by forming a ternary assembly of IRE1-RACK1-PP2A phosphatase (30) , possibly resetting IRE1 foci. If modulation of IRE1's cytosolic domain drives its disassembly, it remains puzzling how the luminal domain of IRE1 would dissociate in response to prolonged ER stress, when unfolded proteins remain in the ER. A mechanism would need to exist by which this signaling event is actively shut off. One possible explanation would allow the refractive state to be established from the ER lumen, perhaps by producing or activating a putative "IRE1 oligomerization antagonist" in the ER lumen. Such a role might be played by the excessive concentrations of BiP or other chaperones that accumulate upon prolonged ER stress. The observed change in IRE1's phosphorylation status would then be a consequence rather than the cause of IRE1 becoming refractive to ER stress. The results presented here demonstrate that prolonged ER stress instructs IRE1 to deactivate reversibly rather than causing its degradation or inflicting other irreversible damage.
We previously proposed that attenuation of IRE1 activity upon persistent ER stress serves as the tipping point in the life-death decision such that the UPR drives cells into apoptosis if ER homeostasis cannot be restored (21, 24, 31) . In previous work, IRE1 signaling was experimentally prolonged by addition of activating drugs under persistent ER stress induction regimes (24, 31) , which resulted in an increased cell survival. Attenuation of IRE1 activity in the face of persistent ER stress thus may provide a timer that limits the duration of the cytoprotective phase of the UPR, which is likely to be driven by the transcriptional regulatory network overseen by XBP-1. It is interesting to note that both apoptotic and antiapoptotic regulators, such as BAX/BAK and BAX Inhibitor-1 associate with IRE1 directly (32, 33) , and it is possible that their regulated association or release from IRE1 in distinct activation states may directly affects the cell's apoptotic predisposition. Analysis of the timing of recruitment of other components to IRE1 will be a crucial next step to unravel the mechanism of UPR-linked cell death.
The foci formed by active IRE1 on the ER membrane are highly dynamic, continually changing in size and intracellular localization over the time course of UPR activation. We have recently shown in yeast by fluorescent energy transfer that IRE1 molecules come into close physical contact in these structures (7) . The cooperative RNase activation shown here in vitro and early crosslinking studies in yeast (11) further corroborate the notion that active IRE1 molecules are tightly packed in foci. Such packing can provide a concentrated, specialized molecular microenvironment, which could attract low affinity binders with high avidity. Thus the dynamic foci assembly may be an additional control principle in modulating the UPR and perhaps other signaling pathways. The ability to visualize IRE1 signaling centers thus signifies an important advance to study their composition and dynamics, as well as the functional consequences that arise from these features. The results reported here therefore hold great promise to inform our understanding of general design principles of signaling pathways that deploy protein oligomerization as a mechanistic principle.
Methods
Cell Culture. T-REx293 and Ire1α −/− MEFs cells were maintained at 37°C, 5% CO 2 in DMEM media supplemented with FBS, glutamine, and antibiotics (Invitrogen). Transient and stable transfections were performed using the Lipofectamaine 2000 (Invitrogen) and FuGene6 reagent (Roche). Cherry-KDEL construct was derived from pShooter plasmid pCMV-Myc-GFP-KDEL (Invitrogen). IRE1-3F6HGFP stable cell lines were made with pcDNA5-IRE1-3F6HGFP-frt.
Live Cell Imaging. T-REx293 cells were split 2 d before imaging onto glass-bottom microwell dishes (MatTek) at 5 × 10 4 cells/dish. Imagining media consists of HBSS (GIBCO), 2% FBS, and 5 mM HEPEs at a pH of 7. Cells were visualized on a Yokogawa CSU-11 spinning disk confocal on a Nikon TE2000 microscope. Images were analyzed using a customized MatLab script to determine the fraction of IRE1-3F6HGFP in foci. The annotated MatLab script is available in the SI Text. Details of methods are given in SI Methods.
